Abstract Our previous study together with other investigations have reported that neonatal hypoxia or ischemia induces long-term cognitive impairment, at least in part through brain inflammation and hypomyelination. However, the detailed mechanisms are not fully understood. Here, we used a rodent model of neonatal hypoxia by subjecting postnatal day 0 (P0) rat pups to systemic hypoxia (3.5 h). We found that neonatal hypoxia increased the glutamate content and initiated inflammatory responses at 4 h and 1 day after hypoxia, caused hypomyelination in the corpus callosum, and impaired hippocampus-dependent learning and memory when assessed 30-60 days after hypoxia. Interestingly, much of the hypoxia-induced brain damage was ameliorated by treatment with the ATP analogue 2 0 ,3 0 -0-(2,4,6-trinitrophenyl)-adenosine 5 0 -triphosphate (TNP-ATP; blocks all ionotropic P2X1-7 receptors), whereas treatment with pyridoxalphosphate-6-azophenyl-2 0 ,4 0 -disulphonic acid (PPADS; inhibits P2X1-3 and P2X5-7 receptors) was less neuroprotective. Our data indicated that activation of ionotropic ATP receptors might be partially, if not fully, involved in glutamate deregulation, neuroinflammation, hypomyelination, and cognitive dysfunction after neonatal hypoxia.
Introduction
Hypoxic ischemic encephalopathy (HIE) is an important cause of mortality in the neonatal period and is associated with high morbidity [1] . It is mainly characterized by neurological deficits such as cognitive dysfunction, which is believed to be the consequence of hypoxia-induced brain damage, in which the impairment of white matter myelination and inflammatory responses have been commonly observed in the HIE model [2] [3] [4] [5] [6] . While the underlying mechanism remains elusive, the white matter abnormalities in the periventricular zone due to oligodendrocyte precursor cell (OPC) and oligodendrocyte (OL) damage are associated with hypomyelination and cognitive dysfunction after hypoxia or ischemia [7] [8] [9] [10] . Given that glutamate is increased after HIE [11] and that glutamate excitotoxicity plays a crucial role in the cell death of OLs and OPCs after hypoxia in immature brain [12, 13] , hypoxia-or ischemiainduced glutamate malfunction may be one of the causative factors for white matter myelination deficits due to OL and OPC cell loss.
The glutamate increase and accumulation in extracellular space after hypoxia has been associated with neuroinflammation, in which inflammatory cytokines impair the functions of glutamate transporters such as glutamate transporter 1 (GLT-1, also known as excitatory amino acid transporter 2 (EAAT2)), glutamate-aspartate transporter (GLAST, also known as EAAT1), excitatory amino-acid carrier 1 (EAAC1), and EAAT4 [14] [15] [16] [17] , resulting in inhibition of glutamate clearance after hypoxia. Therefore, suppressing hypoxia-induced neuroinflammation might modulate the glutamate deregulation and its associated hypomyelination/dysfunction in the brain.
It is also known that hypoxia triggers a sustained increase of extracellular ATP, which acts as a danger signal in the Jie Xiao and Yilong Huang have contributed equally to this work.
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leefan623@sina.com brain and may cause microglial activation, neuroinflammatory responses, and neuronal damage. Such actions have been discussed in a recent review summarizing P2X7, P2Y1, and A2A receptors [18] . In a previous study, we found that ionotropic P2X4 ATP receptors, predominantly expressed in amoeboid microglial cells at the early developmental stage, are significantly upregulated by neonatal hypoxia [19] . Furthermore, in an in vitro culture system, inactivation of P2X4 receptors attenuates the hypoxiainduced expression and release of inflammatory cytokines such as IL-1b. However, until recently, few studies have investigated the role of P2X4 ATP receptors as a potentially useful therapeutic option for the treatment of hypoxiainduced brain injury in neonates. Given that a number of studies have demonstrated elevated microglial activation and IL-1b expression and release in the brain after hypoxia at the neonatal stage [3, 20] , and this inflammatory response is closely associated with hypomyelination and cognitive deficits in HIE models [4, 21] , we hypothesized that activation of ATP receptors (possibly multiple subtypes, particularly of the P2X4 ATP receptor) in the brain after neonatal hypoxia contributes to neuroinflammation, glutamate deregulation, hypomyelination, and long-term cognitive deficits. However, this investigation was limited by the lack of selective subtype-specific inhibitors with good aqueous solubility. There is growing evidence that 5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro [3,2-e]-1,4-diazepin-2-one (5-BDBD) works as a selective P2X4 receptor antagonist [22] [23] [24] [25] [26] . However, 5-BDBD has poor solubility in saline, which limits its application in neonates using systemic injection. Although both ATP analogues 2 0 ,3 0 -0-(2,4,6-trinitrophenyl)-adenosine 5 0 -triphosphate (TNP-ATP) and pyridoxalphosphate-6-azophenyl-2 0 ,4 0 -disulphonic acid (PPADS) have effects on multiple targets, TNP-ATP blocks all P2X1-7 ionotropic receptors while PPADS inhibits P2X1-3 and P2X5-7 ATP receptors. This discrepancy has been used to assay the potential role of P2X4 receptors [27, 28] . Therefore, in the present study, using a systemic hypoxia model we described previously [19] , we addressed whether TNP-ATP or PPADS administration in vivo is beneficial in the treatment of systemic hypoxia-induced brain injury in neonates, as well as the possible role of P2X4 receptors.
Materials and Methods

Animals
The animal care and experimental protocol was approved by the Animal Care and Use Committee of Kunming Medical University in accordance with the International Guiding Principles for Animal Research as stipulated by the Council for International Organizations of Medical Sciences (1985) . Sprague-Dawley rats and their offspring were group-housed, with ad libitum access to water and food, under a 12-h light/dark cycle and a thermoregulated environment. Postnatal day 0 (P0) rat pups (either sex) were used for modeling systemic hypoxia. All efforts were made to minimize the number of rats used and their suffering. The rats were sacrificed by cervical dislocation under deep isoflurane anesthesia. The experimental protocol and animal usage are illustrated in Fig. 1A . The persons who performed the behavioral tests and brain imaging were blind to the treatment and group information.
Systemic Hypoxia and Drug Administration
Systemic hypoxia was induced as described previously [19] . Briefly, P0 rat pups were kept in a hypoxia chamber (Chinese Utility Model Patent; patent No. ZL 2013 2 010770. 6) filled with nitrogen and 5% oxygen and maintained at 28 ± 0.5°C for 3.5 h or as otherwise stated. Then the rats were allowed to recover under normoxic conditions for the indicated time (hypoxia group; Hy). Meanwhile, some littermates were kept outside of the chamber as normoxic matching controls (normal control group; NG). A single dose of PPADS dissolved in saline (5, 10, 20, or 40 mg/kg; Sigma-Aldrich, St. Louis, MO) or TNP-ATP dissolved in saline (1, 2, 4, or 8 mg/kg; Sigma-Aldrich) was injected intraperitoneally (i.p.) into Hy or NG rats 2 h after the hypoxia exposure. Saline was injected as the vehicle control.
Glutamate Measurement
Glutamate content in the entire periventricular area was measured using ultrahigh performance liquid chromatography (UPLC; Waters, Milford, MA) tandem mass spectrometry (MS) equipped with an API3200 detector (AB, Los Angeles, CA). Four hours or 1 day after systemic hypoxia exposure, the periventricular zone of the brain was dissected (male and female, n = 4-6 per group), homogenized, and sonicated with formic acid, followed by centrifugation at 12,000 rpm for 20 min. The supernatant was collected and filtered with a 0.2-lm membrane filter. The filtered supernatant (5 lL) was separated on an Acquity UPLC BEH C18 column (internal diameter 2.1 mm, length 100 mm, 1.7 lm particle size) maintained at 30°C. The mixed mobile phase delivered at 0.3 mL/min was wateracetonitrile (40:60, v/v), containing 0.1% formic acid. The MS system was operated in the positive ion mode for glutamate detection. Multiple reaction monitoring at unit resolution was used to monitor the transitions of the molecular ions of glutamate at m/z 148.0-84.1 or at m/z 148.0-130.1. Other optimized MS parameters were: curtain gas, gas 1, and gas 2 were at 15, 60, and 65 psi, respectively; ion spray voltage, 5500 V; ion source temperature, 650°C; de-clustering potential, 13 V. The dwell time was 200 ms. Data were collected and analyzed using the systemequipped software.
Immunoblotting Assay
The cerebral tissues containing the periventricular area and hippocampi were collected 4 h or 1 day after hypoxia (n = 6-9 male and female rats per group), lysed, and proteins were extracted using a kit (Biovision, Milpitas, CA) containing proteinase inhibitors, DTT, and phosphatase inhibitors (Roche, Penzberg, Germany) following the manufacturer's protocol. The supernatant was collected after centrifugation at 12,000 rpm for 10 min, and total protein concentration was determined using a Bradford kit (Beyotime, NanJing, China). Equal amounts of protein (20 lg) were loaded and separated on 10% sodium dodecyl sulfate-polyacrylamide gel (Beyotime), and then transferred to polyvinylidene difluoride membrane (Millipore, Billerica, MA) at 4 mA/cm 2 for 70 min in a mixture of Tris-glycine buffer (TBS) and 20% (v/v) methanol. The membrane was blocked in TBS-Tween 20 0.2% (TBST) buffer containing 5% non-fat dry milk for 1 h at room temperature, and then incubated and gently shaken overnight (at 4°C) with primary antibody in TBST containing 5% non-fat dry milk, followed by incubation with the corresponding secondary antibody for 1 h at room temperature. The primary antibodies were mouse anti-Iba1/ ALF1 monoclonal IgG (1:1500, Wako Chemicals, Richmond, VA), rabbit anti-IL-1b polyclonal IgG 
Y-maze Test
Y-maze tests were performed to evaluate learning and memory as described previously [29, 30] . Briefly, male rats (n = 17 per group) at postnatal day 30 (P30) were trained to learn and remember the illumination signal for escaping an electric shock with 20 trials per day as reported previously [29] . The escape latency into the safe arm was recorded. The trial was considered successful if the latency was \10 s. When a rat showed 90% successful trials in a day, it was considered to have reached the learning criterion. The number of days that animals took to reach the criterion was recorded.
Morris Water Maze Test
After completion of the Y-maze test, the same animals (P45 male, n = 17 per group) were subjected to the Morris water maze test [31] to evaluate spatial reference learning and memory. Following an initial 2-min swimming session, vs Hy, mean ± SEM, Kruskal-Wallis test with Mann-Whitney U post-hoc test). NG, normal control group; Hy, systemic hypoxiaexposed (3.5 h) group; Hy P, hypoxic mice treated with PPADS 2 h after hypoxia; Hy T, hypoxic mice treated with TNP-ATP 2 h after hypoxia.
the rats were trained to locate the hidden platform during four trials per day for another 5 days. One day after the last training session, each animal was given a 120-s probe test, in which the submerged platform was removed and the animal was expected to enter the target quadrant and make more entries into the location that previously contained the platform (memory retention). Time spent in the target quadrant and the number of crosses of the platform location in the probe test were recorded using a video tracking system.
7-T MRI DTI Scanning
A group of rats (P60 male, n = 7-9 per group) were randomly selected after completion of the Morris water maze test and subjected to MRI scanning [32] . All MRI measurements were acquired using a 
Statistical Analysis
All data are presented as mean ± SEM. The Mann-Whitney U test, Kruskal-Wallis test, and Friedman test were used to determine the statistical significance of data that are not normally distributed. Statistical analyses were performed with SPSS (IBM, Chicago, IL). P \ 0.05 was considered to be statistically significant.
Results and Discussion
TNP-ATP Ameliorates Cognitive Dysfunction after Systemic Hypoxia
Consistent with our previous finding [19] , systemic hypoxia in P0 rat pups induced long-term cognitive deficits when tested at P30 (Fig. 1B) . Animals exposed to hypoxia required significantly more days of training to reach the learning criterion in the Y-maze than control rats (Fig. 1B) . Interestingly, blockade of ionotropic ATP receptors by PPADS or TNP-ATP (injected 2 h after hypoxia) dosedependently reduced the number of days to criterion, with a peak effect at 10 mg/kg for PPADS (Fig. 1B , P \ 0.01) and 2 mg/kg for TNP-ATP (Fig. 1B , P \ 0.01), while treatment with PPADS or TNP-ATP did not affect the number of days to criterion in control rats (data not shown). These results suggest that activation of ionotropic ATP receptors might be associated with cognitive deficits after neonatal hypoxia, at least as measured by the Y-maze task 30 days after hypoxia.
It should be noted that ionotropic ATP receptors, especially the P2X3 and P2X4 subtypes, play a critical role in pain perception [27, [33] [34] [35] [36] [37] . Therefore, the performance in the pain-based Y-maze task may be masked by changes in pain perception after hypoxia or drug administration. To confirm the possible roles of TNP-ATP or PPADS in cognition, we further validated the role of TNP-ATP in hypoxia-induced cognitive impairment, using the Morris water maze test that assesses spatial learning and memory without pain-related shock stimulation. Compared to the normal control group, animals subjected to neonatal hypoxia showed a significantly longer escape latency to find the hidden platform on days 3-5 ( Fig. 2A) . In the probe test after 5 days of training, both the time spent in the target quadrant (Fig. 2B ) and the number of crossings of the platform region (Fig. 2C) were significantly lower in rats exposed to hypoxia than the control group. Administration of TNP-ATP (2 mg/kg) significantly increased the time spent in the target quadrant (Fig. 2B ) and the number of crossings of the platform region (Fig. 2C ) in hypoxiaexposed animals. However, PPADS (10 mg/kg) failed to increase the time spent in the target quadrant (Fig. 2B) but partially restored the platform crossings (Fig. 2C) . Neither TNP-ATP nor PPADS had significant effects on the Morris water maze performance of normal controls (data not shown). Our data suggested that TNP-ATP administration ameliorates systemic hypoxia-induced cognitive dysfunction in the Morris water maze task as well.
TNP-ATP Administration Is Neuroprotective Against Neonatal Hypoxia-Induced Hypomyelination
Since it is known that hypomyelination commonly occurs in the HIE model, and is believed to be associated with cognitive deficits [2] [3] [4] [5] [6] , here we tested whether systemic hypoxia has long-term effects on the development of white matter myelination, and investigated the role of TNP-ATP in white matter injury after neonatal hypoxia. Compared to the normal brain, MRI T2 images showed expanded septum and lateral ventricles in the hypoxic brain (Fig. 3A, B) , and T2-C images revealed destroyed myelin structure in the CC region (Fig. 3E, F) . These deleterious effects of hypoxia were attenuated by TNP-ATP (Fig. 3D, H) , but PPADS had no evident protective effects (Fig. 3C, G) . At P60, significantly lower FA values were found in the CC (Fig. 3M) and MCC (Fig. 3N) in the hypoxic group than in controls (Fig. 3I , J, O, P), demonstrating that long-term persistent hypomyelination/white matter impairment occurred after systemic hypoxia in neonates. In addition, administration of TNP-ATP rather than PPADS restored the FA values in both the CC ( Fig. 3K-P) and MCC regions ( Fig. 3K-P) . Our data suggested that TNP-ATP administration protects the white matter against hypoxia in neonates.
TNP-ATP Administration Suppresses Inflammation and Glutamate Increase After Systemic Neonatal Hypoxia
Since our previous study showed that TNP-ATP treatment attenuates the hypoxia-induced expression and release of the inflammatory cytokine IL-1b in vitro [19] , we next investigated whether TNP-ATP suppresses the inflammatory response in the brain, which could be one of the mechanisms for offering neuroprotection after systemic hypoxia. We found that IL-1b was significantly increased from 4 h to 1 day after hypoxia (Fig. 4A ). Although treatment with TNP-ATP for a short time period did not prevent this elevated IL-1b level, it significantly reduced the level when measured on day 1 after hypoxia (Fig. 4A) . Administration of PPADS only showed a slight decrease of IL-1b on day 1 after hypoxia, but failed to reach statistical significance (Fig. 4A) . Neither TNP-ATP nor PPADS changed the IL-1b expression and release in control rats (data not shown).
It is known that glutamate-mediated neurotoxicity is the major trigger for neuronal damage after hypoxia, and glutamate malfunctions are associated with neuroinflammation and white matter impairment. Furthermore, inflammatory cytokines impair the functions of glutamate transporters such as EAAT1 and EAAT2 [14] [15] [16] [17] leading to the inhibition of glutamate clearance after hypoxia. So, we then evaluated the effect of TNP-ATP on hypoxia-induced glutamate deregulation. Similar to the finding that neonatal hypoxia increases the glutamate content in brain [11, 38] , we found that systemic hypoxia exposure significantly increased the total glutamate in the periventricular zone, even at 4 h after hypoxia (Fig. 4B) . The glutamate levels remained high in the hypoxia group until 1 day after exposure (Fig. 4B) . TNP-ATP treatment significantly prevented the glutamate elevation at 4 h and on day 1 (Fig. 4B) while PPADS only showed protection at 4 h after hypoxia (Fig. 4B) . Surprisingly, we detected upregulation of EAAT1 (Fig. 4C) and EAAT2 (Fig. 4D ) from 4 h to 1 day after hypoxia, which were not affected by TNP-ATP. But PPADS decreased the EAAT2 upregulation on day 1 after hypoxia. These results suggested that elevation of glutamate content by hypoxia is prevented by TNP-ATP although the clearance processes seem not to be modulated. Since a previous study indicated that microglial activation triggered by neonatal hypoxia increases the glutamate content in brain [38] , we propose that this mechanism might be at least one of the reasons for the increased glutamate concentration in neonates exposed to hypoxia in this study. Blockade of ATP receptors by TNP-ATP or PPADS would suppress microglial activation, which might consequently attenuate the regulation of glutamate induced by hypoxia in the immature rodent brain.
In the early development stages, microglial cells are mainly located in the periventricular area [19] with high expression of P2X4 receptors, although other types are not excluded. This might be the reason why TNP-ATP is more effective in attenuating the periventricular white matter damage and cognitive deficit induced by neonatal hypoxia. In a previous study, the combination of TNP-ATP and PPADS was used to indicate the possible role of P2X4 receptors [27] , thus, our results might also suggest that the activation of one or more specific subtypes of ATP receptor (including P2X4) is involved in systemic hypoxia-induced cognitive impairment. However, this requires further study using either more selective inhibitors of the P2X4 receptor or genetic manipulations to confirm or deny the role of P2X4 in hypoxia-induced brain impairments in neonates. Indeed, there is increasing evidence suggesting that 5-BDBD works as a selective P2X4 receptor antagonist [22] [23] [24] [25] [26] ; thus, successful treatment of hypoxic animals with 5-BDBD would provide confirmative evidence for a role of P2X4 in neuroprotection. However, 5-BDBD has poor solubility in saline and must be dissolved in DMSO, which limits its application by systemic injection, especially in neonatal pups. An alternative strategy to confirm the protective role of P2X4 ATP receptors against hypoxia-induced brain damage would be to use P2X4-null animals. At present, no P2X4 knock-out rats are available and we were unable to access P2X4-null mice. Therefore, further investigations are needed to identify the possible role of P2X4 in HIE.
Our results from TNP-ATP and PPADS treatment could not exclude the possible effects of P2X7 and P2Y1 receptors on brain injury due to systemic neonatal hypoxia [39] . In addition, it has been reported that A2A adenosine receptors are involved in hypoxia-induced damage [40, 41] . Both TNP-ATP and PPADS inhibit ecto-nucleotidases, which may generate adenosine after injection [18, 42] . The generated adenosine may interact with A2A receptors and contribute to brain damage after hypoxia. Given that TNP-ATP is more potent than PPADS in the blockade of ectonucleotidases [42] , the different effects of TNP-ATP and PPADS on hypoxia-impaired learning and memory may come from their effects on adenosine generation and A2A receptor activation.
In summary, systemic hypoxia in neonates induced glutamatergic deregulation, neuroinflammation, hypomyelination, and long-term cognitive deficits. Treatment of neonates with TNP-ATP significantly ameliorated these effects. While other possibilities cannot be excluded, the effect of TNP-ATP on ionotropic ATP receptors might be part of the mechanism. Further investigations are required to dissect the role of specific subtypes of ATP receptors in HIE. Fig. 4 Expression levels of IL-1b, glutamate content, EAAT1, and EAAT2 after hypoxia. A Representative Western blots and quantification of IL-1b in the indicated groups. Band intensity was calculated using arbitrary units (AU) and normalized to b-actin. n = 6-9 animals per group. B Glutamate content measured by UPLC-MS at indicated time points. n = 4-6 animals per group. C, D Representative Western blots and quantification of EAAT1 (C) and EAAT2 (D) at indicated times. n = 6-9 animals per group. Hy, hypoxia group; Hy P, hypoxic mice treated with PPADS (10 mg/ kg); Hy T, hypoxic mice treated with TNP-ATP (2 mg/kg); NG, normal control group. *P \ 0.05 vs NG group. 
